Abstract. The present work assesses the potential of a massive exploitation of offshore wind power in the North Sea by 
Introduction

24
Although offshore wind energy has grown significantly over the past years, it only contributes with about 3% of the total 25 deployed wind energy. Measured by the investments and effort by the European wind energy industry to reduce the cost 26 of offshore wind power, it also is clear that offshore wind power will become a very important part of the future European 27 power production. As an illustration of this (see Fig. 1 ), 15 new offshore wind farms are at the moment under development 28 in Europe, contributing with an installed capacity of more than 4.000 MW, and in addition many offshore wind farms are While the size of wind turbines erected onshore, due to visual impact, noise and other issues related to the lack of public 48 acceptance, has stabilized on a maximum of about 3.5 MW, the size of wind turbines erected offshore is still increasing 49 because of the influence of size on the reduction of cost of energy, which is much more pronounced offshore than onshore.
50
Today, the biggest offshore wind turbines have a diameter of more than 160 m and an installed generator capacity of 8
51
MW. An important parameter in a cost analysis of offshore wind turbines is water depth, as the price of foundations and 52 substructures heavily depends on water depth. Therefore, an economic analysis requires to be complemented with a 53 bathymetric analysis. Other important economic parameters are costs of installation as well as operation and maintenance, 54 both of which are substantially increased because of the harsh weather conditions appearing in the North Sea.
55
In the following, we address the various issues related to a massive penetration of wind power in the North Sea, 56 including an assessment of the available wind power, the bathymetry of the North Sea, and an economic analysis. As wind 57 farm design parameters we employ the interspatial distance between the turbines, measured in rotor diameters, and the 58 turbine size, which here is varied in the range from about 3 MW to 20 MW. Furthermore, to simplify the analysis, issues 59 and constraints, like fishery, sailing routes, political aspects, etc., are not taking into consideration. These aspects are 60 certainly of importance, but outside the scope of the present analysis.
61
The paper is organized as follows. In chapter 2 we introduce the theory for the employed models, which is divided 62 into a model for the power production and a model for the economic assessment of the installation. In section 3 results 63 are shown and discussed, and in section 4 we conclude and outline the main findings.
64
Theory
65
The aim of this study is twofold -1) to assess the wind power area density dependency on wind turbine size and spacing;
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and 2) to determine the optimal wind turbine size and interspacing (i.e. wind farm topology) from an economic 67 perspective. The economic analysis is based on relatively simple models of foundation costs, cost of wind turbines, cost 68 of internal wind farm electrical infrastructure, and costs of operation and maintenance (O&M). Costs of lifetime fatigue 69 degradation of turbine components has, however, been neglected, but could, in a first order approximation, be considered 70 proportional to O&M costs. A more detailed approach is described by Rethoré et al. (2016) , where cost of component 71 fatigue degradation is estimated using aeroelastic simulations of individual wind farm turbines exposed to unsteady wake 72 affected inflow conditions modeled using the Dynamic Make Meandering model (Larsen et al., 2008) . In the following 73 subsections we describe and discuss the models used for wind resource estimation, for wind farm layout and for the cost 74 estimates on which the economic optimization will be based.
76
Ressource estimation
77
The model we employ to assess the wind power resource was originally developed by Templin (1974) and later developed 78 further by Frandsen and Madsen (2003) (see also Frandsen, 2005) . The model is based on the assumption that the wind 79 farm is so large, that the wind field inside the wind farm is in equilibrium with the atmospheric boundary layer (ABL). 
87
Here G denotes the geostrophic wind speed, h is the hub height of the wind turbines, with all turbines assumed to 88 be of equal size, and f = 2 Ω sin φ is the Coriolis parameter, in which Ω denotes the rotational speed of the earth, and φ = 
93
where CT is the thrust coefficient at which the wind turbine is operating, and S = L/D denotes the dimensionless distance 94 between the turbines, measured in turbine diameters, D.
95
In the following some of the parameters in the model will be simplified in order not to complicate the study 96 unnecessarily. In general, the wind speed in the ABL depends on the vertical distance from the ground or sea surface,
97
following the logarithmic law for neutral stability conditions. The parameters that govern the deceleration of the wind 98 speed due to the presence of the turbines are, as can be seen from eq. (2), the density of the turbines, i.e. how close they 99 are located from each other, and the axial load, i.e. the thrust coefficient. For simplicity, it is here assumed that the hub 100 height is equal to the rotor diameter, and that the turbines operate close to the optimum, which here is taken as CT = 0.8.
101
Furthermore, in the following the average undisturbed wind speed is taken as 9.7 m/s at 100 m height, corresponding to 
105
In general, the average distance between wind turbines in existing offshore wind farm corresponds to 6D -8D. In 106 some wind farms, however, such as the Swedish Lillgrund wind farm, the distance may be as low as 3.3D. The denser 107 the turbines are located, the more the wind speed will be decelerated, which reduces the efficiency of the wind farm. On 108 the other hand, a large distance between the turbines means a less total exploitation of the wind resource within the wind 109 farm area. In the following analysis the distance between the turbines is taken as one of the two main variable parameters
110
-the other being the turbine size.
111
Average power production
112
In order to determine the wind farm power production as well as to provide input to the applied cost model for wind farm 113 operation and maintenance expenses, we need to estimate the ambient mean wind speed statistics as well as the associated 114 wind farm mean wind speed statistics. 
123
The power production of a solitary wind turbine, P(U), at a given mean wind speed U may, below rated wind speed 124 Ur, be approximated by the following generic expression
126 which obviously allows for zero turbine production at cut-in wind speed Uin. Including this constraint in addition to the 127 rated (installed) generator power Pr , with r U denoting the rated wind speed, the coefficients are determined as 
129
The definition of the power coefficient gives the following relation between rated power, rotor diameter, D, and rated 5 with ρ being the air density and , P rated C the rated power coefficient, which here is taken as 0.5. We assume that the wind 135 turbine operates at its optimum condition at wind speeds lower than the rated wind speed and at a constant power yield at 136 wind speeds higher than the rated one. This is typical for a modern wind turbine, which is operated with variable tip 137 speed at low wind speeds below the rated one, and which is pitch-regulated at higher wind speeds. With these assumptions 
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The remaining integral in eq. (10) 
163
The Weibull parameters depend in general on altitude as well as on the stability conditions of the ABL. For the present
164
North Sea study we simplify matters by assuming neutral ABL stability condition "in average", and under this assumption 165 we conjecture that the Weibull shape parameter is independent of altitude. The mean of the Weibull distribution (i.e. the 166 yearly mean wind speed), y U , may be expressed as 
177
The wind turbine capacity factor, fC, expresses the ratio of the actual yearly output to its potential output, if it were possible 178 to operate at full nameplate capacity continuously over the year. For the solitary turbine it is accordingly defined as
180
with Py obtained from eq. (12).
181
Assuming that the Weibull shape parameter is independent of altitude, the formulas for turbine average production (eq.
182
(12)) and capacity factor (eq. (14)). In the above, the roughness length has implicitly been assumed constant, 184 which strictly speaking is true only for an on-shore site. For offshore conditions the surface roughness depends on the 185 wind speed, which complicates matters somewhat. However, this is disregarded in the present study. 
195
To proceed, we note that the mean wind speeds at hub height respectively inside and outside the wind farm are 196 described by two interrelated stochastic variables. We will consider the mean wind speed inside the wind farm as resulting 197 from a transformation of the ambient undisturbed mean wind speed according to the receipt described in Sec. 2.1. The 198 mean wind speed at hub height, UH, inside the "infinite" wind farm is given by (cf. eq. (1)), 
We introduce the following short hand notation 
214
The thrust coefficient CT is approximated as 1 ; 
The probability density function of UH in the below rated regime can now be formulated in closed form by combining eq.
232
(22) and eq. (23), 
250 or, using eq. (10)
252
We are now ready to compute the yearly output of a wind farm turbine, which then in turn is used to determine the wind 
257
The first two terms in eq. (28) can be determined analytically, in analogy with the derivation leading to eq. (12), and we 258 thus finally obtain the following closed form expression for the average annual power output of a wind farm turbine,
261
Essentially, it is only allowed to exploit eqs. (23) and (24) 
To determine the installed capacity we will need a relationship between the turbine rated power, Pr, and the rotor 279 diameter. This is obtained by assessing eq. (6) at rated wind speed, 
297
Wind ). An example of this is shown in Fig. 2 , where the water depth has been extracted 299 along a line going from the east coast of U.K (New Castle) to the west coast of Denmark (Hanstholm). As seen on the 300 plot a large part is covered by a shallow plane, which is the Dogger Bank. By systematically extracting data from this 301 website it has been made possible to generate the full bathymetric properties of the North Sea (Nielsen, 2015) . This is 302 shown in Figs. 3 and 4 , which depict the distribution of area (Fig. 3 ) and the accumulated area (Fig. 4) 
313
Wind 
Cost models
314
Cost models are needed for any economic optimization aiming at finding the optimal balance between wind turbine 315 production, operational costs and financial costs. Given the broad and generic character of the present study, relatively 316 simple models have been used. These, as well as the assumptions on which they are based, are described in the following. 
332
The cost of a monopile support structure in M€, CFM, may in a first order approximation be simplified as (Buhl 333 and Natarajan, 2015)
334
  2 100 1500
where PR denotes the wind turbine rated power in MW, and H is the water depth in meters. 
446
The accumulated energy production on water depths is shown in Fig.8 , which essentially is identical to 
Economic analysis
474
Employing the various expressions of the cost model introduced in section 2.5, we here present and discuss the economic 475 aspects of a potential massive exploitation of wind power in the North Sea. As the foundation costs increase with water 476 depth, we will first exploit all available shallow sea bed area, and subsequently include successively deeper water regimes. at locations on larger water depths, which then tends to increase the LCoE. It is therefore expected that there will be a 518 specific value of S, where the cost of energy attains a minimum. This is illustrated in Fig. 14 with an interspatial wind turbine distance S = 8, which was the value with the lowest LCoE, we get that the cost of the 557 wind turbine amounts to 23%, the electrical substations including cables to 13%, the substructures to 17%, and the O&M 558 to 46% of the total costs. Hence, it is clear that the largest potential for reducing the cost price is to focus on reducing the 559 operation and maintenance costs. 
